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The tests described here were p‘rénilpteci-'by the confir'ftiing néed’in feentry
vehicle design for quantitative information on the thermal fracture of graphite. *
It was important to determine whether the severe conditicns leading to thermal
fracture could be produced in an inexpensive laboratory experiment or whether
one ¥rguld-have to expand the moré expensive thermostructural rocket test
program to satisfy the needs of the designer. One ggssitility for a laboratory
experiment was induction-heating of graphite with the large rf plasma generator
of The Aerospace Corporation. Therefore, this facility was modified for the
purpose, and temperature gradients were produced in hollow graphite cylinders
by induction heating of the outer surface and water-cooling of the inner surface.
The two major problems encountered in this experiment were electric breakdown
caused by the nearness of the inductor coil to a hot surface and leakage at the
junctions of the expanding graphite and the coolant tubing. These and other
problems were gradually overcome in one year's time through numerous
changes to the apparatus. In the present arrangement, temperature gradients
in excess of 1000°K/cm can be obtained; these have proved to be sufficient to
break ATJ-S graphite. No systematic effort was made to obtain the complete
information needed for establishing a fracture criterion, as this will be the
objective of the next phase. In this report, the development of the apparatus
and its final arrangement are described in sufficient detail for others to do
the testing. The important considerations for matching the specimen load to
the rf heater impedance are contained in Appendix I.

Because it is very difficult to measure the radial temperature distribution
in the specimen without affecting fracture resistance and heating pattern, a
simple calculation method is derived in Appendix II that is based on an analytical
solution of the energy balance equation for an infinite cylinder. The solution

takes into account the frequency depenrdence of the heat source distribution, the

“A recent survey of unclassified information on graphite nosetips was made by
P. J. Schneider, etal. [1].




temperature depéndence of the-thermal conductivity, and:the radiation losses.
With reliable data on material propertiés, the method should provide more.
accurate resuits than can be expected from measurements.

]




2. Development of Induction Heating Apparatus for
Thermal Stress Experiments

2.1. Basic Considerations

Some éestimate of the power required-to break:a specimen-of ATJ-S
graphite by thermal stresses can be obtained from calculations reported by
W. R, Grabowsky. * Figure 1, reproduced from:these calculatmns shows the
distributions of longitudinal and az1mutha1 strams .along.the mner surface of a
hgllow cylinder whose dimensions are g1ven in the top portion: of the figure..
With temperatures of ~2600° K.and: 500°K at the outer.andinner surfaces,
respectiirel{r& itis expected that the strains, especially axial, will exceed the
breaking limit. The average temperature gradient for this cage is 2100°K/
1.54 cm or 1360°K/ crpy; the average thermal conductivity, cbtained firom
Fig, II-1, is ~0.1 cal/sec cm’K or ~0. 4 W/cmoK Thus, the heat flux per»(:mea
area is ~550 W/cmz or, for the total area of ~100 cmz, 55 kW. With the
addition of 10% for radiation and convertmn los ses, the total power requirement
is 60 kW. Although this value is within the capability of the Aerospace rf
heater, it requires careful matching and efficient ccupling to the load, Efficient
coupling is obtained if the induction coil is close to the specimen, but as this
interferes with protecting the coil from the heat, a compromise must be made.

Another compromise is necessary with respect to the operating fre-
quency. At the conductivity of graphite, o = 1000 to 1500 mho/cm, a fre-
quency of 104 to 105 Hz, skin depth ~1 cn., would be desirable for efficient
volume hegting, But this would require major changes in the circuitry of the
oscillator that previously has operated in the MHz range. In the calculations
of Appendix I, therefore, f = 1 MHz has been assumed. Actual tests were run
at f ~1.4 to 1,7 MHz. '

*W, R, Grabowsky (The Aerospace Corporation, SBO) Memorandum to The
Aerospace Corporation, GO, Subject: Graphite Thermal Stress Experiment
(23 January 1969),

-3
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2.2. Shape of Specimen
All specimens tested were hollow ATJ-S graphite cylinders with an
o.d. of 3.8 cm and a length of 10 cm. Thése dimensions turned out to be
nearly optimal for the production of fracture, with the available laboratory
facilities, in a heating zone that was nearly uniform axially. For an apprec-
iably longer cylinder, the gernerator power would have been insufficient and
problems also might have arisen in the-coolant flow because of the larger
resistance and the higher exit temperature (boﬂmg) ‘For a cylinder with
an apprecnbly lower l/ d ratm, it would have been difficult to obtain a

sufficiently uniform axial temperature in the midzone where fracture ‘was

¢ .

likely to occur. ~Changes were made only in the diameter of the bore‘and in
the method of connection with the coolant flow tubing. " The first configuration
is shown in Fig. 2a. Except for the conical sink at the front surface, this
shape is the same as that used in earliér experiments at the Aerodynamics.
and Propulsion Research Laborétor.y. The use of a threaded neck and
Swadgelok fitting to connect the specimen to copper tubing of slightly smaller
diameter than that of the bore ensures freedom from mechanical stresses.

The gap between tubing and cylinder is filled with a gallium-indium alloy,
which consists of 76% Ga and 24% In, that is liquid at ra. o temperature and
provides thermal coﬁtac’t. Although the boiling point of this alloy is above
ZOOOOK, it was useful only as long as the heating rates were below ~1.5 kW/cm.
At higher rates, it was partly driven out of the gap, probably by gas liberated
in the hot graphite, and seemed to make only spot contact. This was indicated
by the low temperature gradients inferred from pyrometer readings at the
front surface that were found to be ~200°'K/cm and corresponded to radial

heat fluxes of only 0,7 kW/cm. Therefore, most of the heat input must have
been conducted in the axial direction toward the neck.

In order to avoid these problems, the neck, inner tubing, and liquid metal
were eliminated, and the cooling water was led directly into the bore after the
graphite pores had been sealed with an electrolytically deposited copper coating
that was 0,05 to 0. 1 mm thick, Also, the bore was widened from 8 to 13 mm

diameter for the following reasons: First, calculations described in Appendix II
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had indicated that, at a desired input of 4 kW /cm, the temperature 2t the
outer surfzce would exceed the apparatus safety limii of ~2000 K (Fig.BI-5).
Second, the wider cross section zllowed the cooling fiow rate to be raised from
~2.5 to 4 gpm, which eliminated shaking of the specimen czused by nucleate
boiling. Copper tubing ends, with the same i.d., were threzded 0.5 in. deep
into the graphite and sealed with Viton O-rings (Fig. 2b). Beczuse the O-rings
burned up on the graphite side during heating, they were repizced by V-profile
copper rings, which were compressed for proper sezling. This introduced
mechzanicai stresses into the specimen that were not considered admissik_e;
therefore, ti:2 gaskets were eliminated, and the tvbing was sofi-soidered to
the copper coating.

When the solder melted during testing, siiver soideri.ng was considered,
which requires silver coating of the graphi;.te interior. This 2pproach wes
abandoned because the silver adhered to the graphite only 2fter the binding
materizal of the graphite had been driver ont by hezting the sample in 2 furnzce.
Finally, lead was used because it has 2 sufficiently high meiting point, and
could be soldered onto the copper.

The specimens were then pveg;ared by the following procedure: Lead was
filed into fine particles that were mixed with conventional paste soldering flux
(Douton Co. 's NOKORODE). Thkis mixture was then painted onto both mating
surfaces, which had been prewarmed to 2ssist in the flowing of the {lux 2nd
solder. These surfaces were then heated separately to 2 temperature 2t which
the lead filings wouid melt and wet the associated surfaces. Excess solder was
wiped from the tube and shaken from the sample. The now lightly leaded
surfaces were aliowed to cool to 2 point where they were stiil wvarm, given 2
light coating of the flux and solcer mixture, and then put together in their
finished positions. When the {it was ioose, a sufficient amcunt of the lead
filings was placed around the tubing, at the point where it entered the sample,
to fill the annulus. The entire a2ssembly was then heated to the melting point
cf lead and allowed to ccol sloviy. The bore of the sample and associated end
fittings were then given a coating of conventional lead and tin sslder (Johnson's

FLUX-'N-Solder) paste and again heated to the appropriate temperature to seal




any porosity in the copper plating. The lezd ard tim solder is adepuite in
this applicxtion, 2s it is im direct contact with the water flow.

Beczuse the desired power imputs, wp to 3 kW /om (Fig. H-5), could not
be gemerated over the fuil lemgti of the sampie, 2x 2tempt was made o pro-
duce such irputs loczlly by wapering the ends (Fig. 2c). Here heating occurred
over the full lengih, wierezs cooling was= iimited to one-hzlf of the specimen
length so that a2m 2xiz! convergence of the beat flux in the ratio 2:i occurred.
However, fracture could not be zchieved wiwn this shape, 2s the totzl power
input-bed o bg; limized 1o ~20 kW beczwse of the imcreased svrface temperature.
Also, it would be more éifficult to determine the magnitede of the thermal
stress from the two-dimensionzl heat flux pattern in this geometry.

- Iz the subseguent version (Fig. 2d), z2xial convergerce was abendoned im
favor of increaseé racdizl coavergence tha: resulted from reducing the bore
diameter 2g2in to 8 mm. Tke coolzat flow rate wes maintzined 2nd eventually
even increzsed to 3 gpm by paitimg 2 booster pump into the city water lize.
Also, it vras:possible o eliminzte the threading ard still retzin sufficient
rigidity. Fimelly, the sharp ecge 2t the lower end, 2djacent to the s.de of the
inductor carrying the hich rf potential, was rounded off to reduce the formsztion

of corona discharges. This specimen shape, which is 2iso shown in the fipal

arrangement in Fig. £, was used in iater tests where fracture occurred.

2. 3. Inductor Coil Desiga

From the considerations in Appendix i, it follows that the inductor coil
should have at least 16 turns over 2 length of 10 cm. In order to produce this
turn density, hollow-core, rectangular copper tubing, with 2 cross section
of 3.2x6.4 mmz, was wound over the small side into 2 17-turn coil that had 2
2.6-cm inner radius. The coil was then silver-plated 2nd connected to the
terminals of the plate tank circuit, which also provided waterflow for cooling.
In the first heating tests, the coil was operated in 2ir and separated from the
graphite specimen by a clear quariz tube. When the rf voltage on the coil had
reached ~6 kV and the graphite surface became red hot, corona filaments

formed on the graphite surface next to the end of the coil carrying the high
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potential. These filaments gradualiy grew into arcs, scftened the quar*z, and
finally pierced it. At other times flashovers occurred between tie coil turns,
whick cacsed irreparable leaks.

In order fo avoid these prcblems, aa aiternative configaration was tested
that dates back to an idez of Babat and Losirsky [2]; it 75 termed 2 magnetic
flux concerntrator. A pbkotograph of the derice is showa in Fig. 3; the
dimensions in inckes can be inferred from the size of the 6-in. scal€ ic the
picture. The device consists of two coaxial, slotted, copper cylinders tkat
are silver-plated and zre connected at the slots by triapezoidal copper plates.
The lergth of the interior cylinder, at 5 in., is only one-third that of the outer;
thus, tie linezr density of a cerrent Zeduced in the latter is increased by 2 factor
of 3. Tke tightly fitting Inductor coil kas 20 terns of squaze copper tubing and
is insalated by 2 pyvrex tube from the concenirator that is ai floating petential.
Tke graphite specimen fits closely into the inner cylinder and is not near 2 high
rf potentizi. The danger of 2rcing betwes=rn cozl turns is also greatiy reduced by
tke wide turn spacing. The entire length of the specimen can be observed
through tke slot.

In tests with this configuration, the plate voltage of the generator could
te run vp to its maximaem value of 10 kV without a breakdown. But the power
input to the graphite at this voltage, 2rd 2t a frequency f ~2 Miiz, was oniy
15 k¥, which is rot kigher than could be obtained with the small inductor coil
at ~7 kV. Probably, the poor efficieccy resulted from poor coupling, whick
was caused by the large difference in coil 2nd lo24d diameters, 2nd from ohmic
losses in the concentrator. Tapping the inductor coil, which loweread the
impedance of the system, brought little improvement in efficiency. Although
some improvement could h2ve been obtained by optimizing the design, it was
still questionable whether the needed power input could ever b reached.
Therefore, efforts were focused on overcoming the problems asscciated with
direct heating, and further work with the flux concertirator was abandoned.
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2.4. Present Apparatus and Results

In the £inal apparatus, the original inductor coil was used again, Dot i
was placed in 2 bath of circulating oil (Fig. 4). The purpose of the oil was to
provide irsulation and 24ditional cooling. Tke first tests were made with
Shell Diala Oil AX, which smoked beavily when the graphite became red bot
and produced a fire kzzard. Noncombustible Morsanto Ascaral, the-second
candidate, appzrently kas poor insvlatirz qualities, because it psrmitted smatl
sparks to for‘xia at the high voltage end of the woil arnd it decomposed into black
filoments, possibly carbon, wkich after 2 short time produced brezkdown
between turns of tke coil. Tke finzl choice was Kirney vacuum oil Kirlche 220,
which is highly viscous 2t room temperature, but bas 2 fiash point of 500°F
and generally proved satisfactory zfter outgassing. The GE perfluoricated
oils were considered, bt were mot used beczuse, alibough they may be ideal
for this prrpose, the cost is prohibitive.

As shoun in Fig. £ there is, in 2ddition to the vycor tube of the cil vessel,
2 geartz tube separaﬁng the ¢l from the graphite sample. For cooling, nmitro-
ger gas was dloun, at 30 psi, through the m2rrow arculer gap between the
tebes. A radiztion shield, which consisted of 2 sloited tantelum cylinder, was
inserted into the gap, but proved to be vseless. The metzl was apparently
heated by czpacit’i\fe currents 2rd gradually burred vp. The quariz tebe can
be replaced by 2 specizlly f2bricated thin-walled Muilite tube (Coors, Golden,
Cclo.) that can stend temperatures about 400°C nigher, but for ATJ-S graphite
this kas pot been necessary.. i

The flow rate of the cooling wzter through the szmple is metered, and
the diffierence between inlet-2nd outlet temperatures is registered, through a
thermistor bridge, on 2n X-Y recorder. Examples of two tracings are shown
in Fig. 5. Power input is raised graduzlly over periods of 4 to 5 min by
increasing the plate voimge from 3 kV (onset of oscillztions) to ~8.5 kV, with
minor retuning in between. This increase in plate voltage is shown to corres-
pond to 2n increase in water temperature of 28°C. Atz flow rate of 5 gpm,
this temperature rise corresponds to a heat flux through the sample of 38 kW.
At this point, fracture occurs and the generator is turned off automatically by

-11i-
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the sudden change in load so that the coolant temperature drops instanta-
neously. Also, depending on the marmer of fracturing, 2 certain amount of
spillage tzkes place arnd the flow is shot off manually within seconds. The
temperature rises agiim temporarily. At 2 flow rate of 5 gpm, water pres-
sures upstream and dowrstream of the specimen z2re ~28 2rd 7 psi, respec-
tively. These pressures zre negligible compared with the thousamds of psi
induced thermmaily.

Tke surfzce temperafure of the specinren is measured with 2n optical
pyrozeter {"Pyro™ Bergenfield, N. J.} either at the upper froot surface with
the 2id of 2 £3-deg mirror or con the side between the turre spacicgs. In the Iatter
case, 2 small correction must be applied because of opticzl 2bsorption by the
oil. This correction kes been obtzined from the curve in Fig. 6. Side-on and
end-on photographs of 2pparates 2nt samples teken éuring 2 heating test are
showr in Figs. 72 and 7B. The brighiress distribution of tke specimen im
Fig. 72 indicates that the longitudinzl distribution of the surface temperature
is mot uniform, bet hes 2 meximem pear the midsection. Its value 2t the
moment of fractare has been measured, in two cases, 20 be between 1900° 2nd
2000 %. Assuming ihe iempera2ture 2t the inner surfzace to egual the water
boiling temperature, we obizin 2 temperature difference between the surfaces
of 1690 X or 2n average gradient s 1050 K/cm. Thke dizmeter of the sample
in Fig. 7 b2s been compared with (hat before heating 2nd was found to have
expanded by 1.5%.

All twelve samples that were fractured with the 2pparatus were leak-
tested and carefully inspected for cracks before installation. Photographs of
four samples are shown in Fig. 8. The sample in Fig. 8b, which has several
lengthwise hairline cracks, is representative of seveszl that were heated faster
(totz2l heating time ~2 min} then the others. The fast-heated samples seem to
brezk at ~10% lower power and usuaily stay in one piece; whercas, the samples
heated normally over 4 to 5 min break into two or three pieces, as seen in
Figs. 8, c, 2and d.
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Figure 6. Temperature correction for pyrometer readings
taken through oil bath of apparatus in Fig. 4.
Oil: Kinlube 220 of Kinney Vacuum Equipment Co.
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{0} SIDE-ON VIEW

Figure 7.

{b) END-ON VIEW OF SAMPLE

Heating test in apparatus of Fig. 4
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3.. Conclusions-21id Recommendations

The: results -of-this first exploratory phasé have demonstrated. that the
apparatus and techniqueé developed. atthe Plasma Research: Laboratory can.
produce thermal failure in ATJ-S graphite cylinders. Since the load-matching
procedure 'was not carried to-the optimuim-and the full plate voltage was not.
required for fracture, there:is still‘a--cdr‘;sicl"éra‘tb].’é pow /r resefve in.the sys~
tem, which rhight be used éither to break stronger types of graphite-or to
improve conditions for difficult measiireniénts, - H

Although the data obtained in this.phase af‘i\'e neifher. complete nor -
systematic, they already permit some tentative ‘\‘f;énclusi,on‘s., First, there is’
no striking disagreement with the theoretical prédictions reported.by W. R.
Grabowsky. Whereas the temperature gradients measired are-~25% lower
than those calculated in the exampleé-in Fig: 1, the failure limit is' exceeded
by the axial strain in that e‘xampie by ~30%. Therefore, there is no neeéd at
this time to revise design specifications based on that theory. !

Second, the rate of rise in power input appears to afféect fractural . - "
behavior, which means that the fracture criterion depends. on the flight trajec=
tory; therefore, a closer investigation of this phenomenon is recommended.

With the present self-excited oscillator, full power output could not be reached
before 90 sec because the plate voltage must be raised gradually; however, faster
rises could be obtained by operating the installation as a power amplifier with

an available 5-kW Lepel induction heater as the modulator. This would allow
continuous application of full plate voltage, with the output determined by the
degree of modulation. It is expected that the transition from zero to full output
could then be accomplished in 1 sec or less.

In order to obtain 2 more nearly uniform temperature distribution over
the length of the sample, an inductor coil with higher turn density at the ends
is recommended to compensate for end losses by increased heating, Although,
for a fixed turn spacing, the distribution ¢an be strictly uniform for one
temperature only, the coil would reduce considerably the two-dimensionality

of the temperature field so that simple one-dimensional calculations,

Preceding page blank




similar to those in Appendix II, .could be applied with confidence. Also, it
would give more significance to the total heat flux measurements that, at
present, are averages- of an unknown dxstnbutmn.

Finally, in order to check more directly the:theoretical predxctlons as
exemplified in Fig. 1, it would be desirable to measure the axial-and radial_
strains of the inner surface at the moment of failure. For thé specimens
tested, the absolute axial dilatation would-be ~0.5 mm, It poulgl be:measured
accurately with an optical interference system ‘that is atta;:hed to the coolant
tube stubs and combined with a fringe (pulse) counting recorder.

Measurement of the radial -dilatation at the inner radius is more-difficult
because it.is smaller and interfered with by the coolant. It may be possible
to make the measurement by means of the photographic technique used:to
measure the- dilatation at the outer radius (Fig. 7b). If the facility is operated
as a power amplifier, as mentioned before, it may be possible to cause frac-
ture by shock heating and eliminate the need for water-cooling. In this case
the bore of the cylinder would become accessible to direct strain measurements.

The feasibility of this idea can be determined only by experiments.

Y,
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APPENDIX I
Matcking of Graphite Load to Impedance of rf Oscillator

-

—

The rf beatsr oI Te Aerospace Corporation is 2 tuned-plate, tuned-
grid, self-excited oscillator operating im or mezr the ciass B mode with four
GE 880 triodes in parallei. Each twbe is rated for 2 plate current of 5 A. At
this current and 2t the maximum available plate voltage of 10 kV, ar irtermal
resistance of ~8092 per tube is obtained from the tube chart. The internmai
resistance of the heater is therefore h

R~ 2002 (1)

For maximum power transfer, Ri must be matcked by the external resistance
Re' Since Re results from 2 complex asrangement arnd can be determired only

approximately and since 2 mismatch is much less critical if Re> Ri’ we z2im for
R =~ 4002 (2)

As indicated schematiczlly in Fig. I-1, Re is formed by the resorzting plate tank
circuit C RlLl and the secondary or ioad circuit LZRZ if the smzll impedance
of the blocking capacitor CB is disregarded. The two circuits are coupled

through the mutual inductance M. The value of Re is given by

L
£f
R = _—e (3)
e C Re £
where Le £f and Reff are the effective inductance and resistance, respectively,

as seen by the resonating circuit. Their values are determined by the relation-
ships[3]

2 .2
{oM) L >

=1. - (4)
eff 1 RZZ + (wLZ)T
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Figure I-1. Schematic of rf oscillator load circuit.
Only one of four tubes is shown
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wherew= 2xf. The practical lower izt on the geaeralor freguency is
believed to Be aboct
£=1MHz @

Disregzxﬁimgaﬁaeeﬁeciofkeﬁmfxw, we use the relatiomskhis

£ 3

=] LI iz U]

The guelity faczor Q of the Circwit is taken 28

ok, o
Q=5 =10 8
eff
From {6), [7), 2= (8), we odtain
L ..
= 16 x10° ()
eff
With (2) ard (3), we then obtzin for the tank capacitarce
C = 4090 pF (10)
and ferther ‘ Lefi =6pH {(11)
and _ Reff =3.892 (12)
The circulating current in the tank circuit is 1imited by the permissible
Ve
rf peak voltage U,;, which should stay ~10% below the plate voltage UP.
With UP masx = 10 XV, we have ﬁlz 9 kV and the maximum power dissipation,
which includes circuit losses, is
i
nax -3 Re =~ 100 kW (i3)

"I- 3" 24, =
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This valuve is considerably adove the 80 kW estimated for the specizmen 2=
Section 2. 1.
“re rens circaiating caxrest is

ﬁ Py
= 1 = 1__ x170Aa ne
hTE [m, cﬂFex &Zjnlz Polog

The distributice dﬁesewnhxymz&lzin&eguphte’ specimex, wiick
s the dimensions r, = E.szaﬁlz=10cm, is ckaracterized by Tne skin
depik

- RNy
6=( z a5

L

With p=p = 1.256 X205 Y558 523000 2%, 2ndw=6.28x10° sec™

5=0.16 c= (25)
and -
2

are oblained. Tke resistance R, seen by the volizge U, induced 2rcund the
periphery is

(%) Zzr E
R2=—E= rz z (18)
L iy
‘zfmr
)

2 - .
For 3> 13, the variation of the induced electric fieléd E with r is closely

approximated by the power law

E=E, (3

1
T, (19)

* The data in F jg. II-1 indicate that 2 mors appropriate mean value for o would
be 1400 mho/cm. These datz were obizined after the czlculations in this
appendix bad been made. Because of their exploratory nature and 2s ¢
enters only with the square root, 2 revision was not considered worthwhile.

» ” ,._(25 -1.4 -




2 B
[ Edr. - 5%
rd 205 #1 “
2
=1
=Z.’=‘ D =3 25
and RZ ——_12}” x 22X =
To dissipate 60 kW 2t this is value of B, Tequirzs 2 secondary carrext
iz=”(§2:-’ = 2730 2z
Sizmce “— » 1 we cam set
L N
i = =3
bR

where N is the meDer of tuirs over the length of the work piece. With
N, = lzmél‘z: 170 2, disregarding end effects, we obtain for ihe mumber
of torns of the indector coil

_ 2700 _
1~ T30 ~ 16 terns 2%)

Z

Te value of L, follows from the formulz sor 2 coil of finite length [3]

2

L,=136 %10 "uH (25)

2

Therefore, L =8.5X10 -2

Rz in comparison with (mLz) in Egs. (4) and (5). Mand L, are related
through

= 10R 22 a2rnd it is permissible to disregard

M, =1L,1, (26)
With Eq. (23) 2nd N, = 1, Eg. (26) yields
M=NL, (27)
-1-5-
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and Egz. (£ 222 {5) reduce to
Ln=chﬁmez [e5]
Rn""aﬁ“nz’z 29
L,=6%3.5=9.5 pH 22d

By

=3.8-2.1=0L72
nmmmmwwmm&%- E we 2ke

4 =L, =#= 10 &=, o=ly the radins r, rem2ixzs free. Erom the short coil
forrela{3)

r1=2.‘icm

is obt2ined for e 2hove valres of L., Nlazadl. These czta for the infctor
i coil bave been vused In the tests, bot the freguency was lowered oxly to 1.4 MEz
whken it was feund that fraciure covid be produced at this fregrency with tofal

power dissization in the ta2rk circeit ~50 kW.
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APPINDIX X
Calexiztiom of B2d53] Tempertrre Distridations for
Fxfivite Graghite Cylind

En steady state, the specimver loses the keat generzted by chmmic dis-
sioatiom rosily by condneriorn 2nd swrfzce radiztion. Corvertiom iosses are
Beld low 2nd may be disregerded. Radiatiom is 2ccocmied for im the boradary
contition for the oxter serfzce. The exergy Balance egezriom coz=sists,
therefore, of o=ly the folloxirg two terrs

14 s oo =
The variztio=s of thermal coofrctivity K 2nd electrical conductivity o with
temperatrre for ATY grapZite 2re shown in Fig. 1I-1 [4]. Wkereas for &
2 mezn v2lve, @ o2y be vsed without severely affecting the results, this does
rot seem permissible for £. To linearize the eguation, it is therefore
adventageons to introduace the hezt conduction potertial S 2s is corumon with
gaseous plasmas Bl S is defined by

T
S= f £aT
s (1)

The evalvation of Eq. (31) is shown in Fig. II-2. For the varictionof E
with r, we use Eg. (19). Setting rIrZE x, we can write Eq. (30) in the form

& =D +r,0 5K, XA = (32)

=98 T =C
ax ° "2q+2 * (33)

#Property data for ATJ~S graphite were not available at the time these
calculations were made.
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Figure 1i-1. Vzriations of thermal conductivity x
and electrical conductivity g with
temperature for ATJ graphite
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Figure 11-2. Heat conduction potential of ATJ graphite
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'IheconstantCisdg,terminedattheonterbonndaryrzwhejrex=land
£ = (D, o

as; 1'zz 5E,"
C=&h * gvz (39

Here, the heat flux is balanced by gray body radiation from the surface.
Therefore

- - - --

rlz (gg)z =-err,t=-1 (S,) (35)

The second irtegration of Eq. (33) yields
2__2 -

r, oE ) .
SR x22+2 _ ¢ inx+C’ (36)
(2q+2)

After evaluation of C' at the inner boundary To where x = x and
S= Si’ Eq. (36) can be written ‘

r ZEEZZ

S=S.+4Cln X -2 __ 2q+2 _ 2q9+2 37
1 nx (2q+2)2 (x X ( )

- 1
1

or, when using Egs. (34) and /35) and considering that the power dissipated
per unit length is

=_ETT“'G‘%M+§ (38)

- c - x P

T

X 1

I ! -II-4-
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The function f (SZ) in Eq. (35) has beén evaluated for € = 0,85.and is plotted
in Fig. I-3. Writing Eq. (39) for the outer boundary x= I yields.an implicit
equation for S2 that can be evaluated with. the aid of Fig.II-3 so that.f (SZ) also
is determined. S(x) can then beé calculated from Eq. (39). T(x) finally can
be obtained from the function S(T) in Fig.1I-2.

Some examples of temperature distributions obtained.by this method
are shown. in Figs. II-4 and II-5. Figure II-4 shows. the effect.of frequency
for %, =1 kW/cm and an in;iér'surface temperature of 1000°C at r, = 0.4 cm.
These conditions répresent approximately those in the early tests with
specimeén (a) in Fig., 2. Results for.f = 1.7 MHz are shown in Fig, II-5;

T, =,27§°K, .P/8=3, 4and 5 kW/cm, r, = 0.4 and 0.63 cm are values that

1

represent conditions in the later tests. The curve for -%)- = 4 kW/cm and-
r, = 0.4 cm, in pa,rficu.lar, is believed to represent closely the conditions at
which fracture occurréd, although a steady state may not have been reached.
in every test. The mean gradient is ~1300°K/cm. It is remarkable '
that all curves show a néarly linear distribution, although the heat:flux is
strongly convergent. This is caused by the strong increase in thermal conduc~
tivity toward the cool inner surface, which compensates for the effect of con-
vergence. If this result is generally true and if it holds in particular also

for ATJ-S graphite, the situation is greatly simplified. Then the value of thé
mean gradient, which is determined experimentally from the temperature
difference between inner and outer surfaces, also approximates that of the
local gradient at any radial position and makes detailed measurements or

calculations unnecessary.
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Figure II-4. Calculated temperature distributions in induction-
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